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Abstract  
One of the major characteristics of living organisms is metabolic rate - amount of energy 
produced per unit time. When the size of organisms increases, the metabolic rate 
increases slower than organisms' mass. This effect is called allometric scaling. It has 
important implications for the individual and population organismal development. Here, 
we study the causes of this phenomenon considering metabolic properties of unicellular 
organisms (Amoeba Proteus, fission yeast S. pombe, E. coli, B. subtilis, Staphylococcus). 
We found that the metabolic properties of unicellular organisms are defined by two 
primary factors. One is the need to acquire nutrients through the surface in a common 
nutritional environment, which forms the base part of 2/3 of an allometric exponent. The 
other factor is a regular increase of nutrient influx per unit surface, when organisms' mass 
increases. This is a manifestation of metabolic advantage, which bigger organisms need 
to have in order to support their metabolic requirements. On the other hand, this 
advantage cannot be too strong, which could lead to destruction of species, organisms 
feed on or compete for nutrients within the food chain. Accounting for this regular 
increase of nutrient influx, we obtained allometric exponents and their range close to 
experimental values. This supports an argument that the metabolic properties of living 
organisms, and interspecific allometric scaling in particular, indeed, are defined by 
nutrient acquisition through the surface and a regular increase of nutrient influx per unit 
surface, in a way that preserves a dynamic balance between populations within the food 
chain. 
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Introduction 
In order to support their life cycle, living organisms have to produce energy. (One can 
speculate that the living organisms convert energy from one form to another, but not 
produce it. However, the fact is that living organisms spend energy, and so, in this sense, 
we can speak of energy production, in the same way as coal power plants produce 
energy.) The rate of energy production is called metabolic rate. Metabolic rate generally 
increases slower than the mass of organisms (Schmidt-Nielsen, 1984; White et al., 2006; 
West et al., 2002; Kearney and White, 2012). This phenomenon is called metabolic 
allometric scaling. When it is considered across different taxa, it is called interspecific 
allometric scaling. Presently, consensus is that this phenomenon rather depends on 
different interacting factors acting at different organizational levels (White et al., 2011; 
Weibel and Hoppeler, 2005; Glazier, 2014; Kozlowski and Konarzewski, 2004; Darveau 
et al., 2002). Indeed, given the wide range of adaptation capabilities of living organisms 
and environmental conditions, in which they thrive, such causes are unlikely to be 
constraints imposed by a particular physiological mechanism. Living organisms can 
"overwrite" constraints imposed by particular mechanisms. Niklas (2013) supports this 
view saying: "Although organisms cannot obviate the effects of physical laws and 
processes, the consequences of these effects can be altered by ontogenetic or 
phylogenetic alternations in geometry, shape, or orientation as well as in body size". 
Weibel and Hoppeler (2005) express a similar opinion about the role of vascular 
networks: "The vascular supply network is adapted to the needs of the cells at their 
working limit. We conjecture that the optimization of the arterial tree by fractal design is 
the result rather than the cause of the evolution of metabolic rate scaling."  
 The answer to the puzzle of interspecific metabolic allometric scaling has been 
sought in three major groups of factors:  
(a) Biochemical mechanisms responsible for the energy production and other biological 
functions supporting organisms' existence;  
(b) Different environmental factors affecting organisms' development, like temperature, 
type of nutrition, etc.   
(c) Bio-mechanical constraints, like buckling of bones or trees' trunks, or mechanical 
pressure the bones can sustain, etc.  
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 The leading factor in organisms' development is the environment, whose 
characteristics living organisms must fit in order to reproduce. A similar idea was 
expressed by Niklas (2013) as follows: "… it is possible to view organic evolution as an 
extended 'experiment' in how organisms respond to and cope with the laws governing 
chemical and physical phenomena." Biochemical machinery and biomechanical 
constraints serve the purpose of adaptation, so that the living organisms must exercise the 
maximum possible flexibility available within these two groups of factors. Environment 
is a scene; living organisms are actors trying to remain on the scene as long as possible - 
these are the rules of organic life. Or, as Niklas (2013) says, "evolution is constrained by 
physical laws, but … the effects of these laws can be modified by biological innovation".  
 Metabolism of living organisms can be defined emphasizing different aspects of this 
complex phenomenon. For our purposes, the definition in the Webster's Dictionary is an 
adequate one: "The chemical changes in living cells by which energy is provided for vital 
processes and activities and new material is assimilated to repair the waste." 
Quantitatively, metabolism is characterized by amount of produced energy per unit time, 
called a metabolic rate (B). From the physical perspective, the metabolic rate is power, 
measured in watts. The dependence of metabolic rate from mass is well approximated by 
a power function as follows. 
baMB =           (1) 
where a is a constant; the value of b is called an allometric exponent.  
 DeLong et al. (2010) computed the metabolic rate for prokaryotes, protists and 
metazoans, and provided hypotheses for explanation of obtained results. They assume 
that the high value of allometric exponent in prokaryotes (1.72 for inactive and 1.96 for 
active species) is due to evolutionary increase of genome size, which allowed for greater 
variety of synthesized proteins and greater metabolic rate. When this reserve was 
exhausted with the size increase (apparently, the authors suggest, due to limitations on 
nutrient intake through the surface), the evolutionary development went in the direction 
of increasing the number of energy producing organelles throughout the entire volume of 
unicellular organisms, which provided about isometric allometric scaling (the value of 
allometric exponent is close to one). Then, the appearance of nutrient distribution 
networks in multicellular organisms, and associated transportation costs, take tall on 
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energy resources, which led to the following reduction of allometric exponent to about 
0.76.  
 Note that the overwhelming majority of studied prokaryotes in the graph from 
(DeLong et al., 2010) occupy about two orders of magnitude from sixteen, forming sort 
of a well localized cloud dataset. Data for the other two groups have large dispersion. In 
such a situation, the results of regression analysis could easily vary tens of percent and 
even several times, depending on the chosen dataset. If one takes data for larger 
prokaryotes and the rest of data, then the regression for the whole dataset would produce 
the allometric exponent noticeably less than one.  
 The hypothesis about increase of metabolic power in prokaryotes with the increase 
of size of genome looks feasible (if considered together with other factors; not as a single 
"all defining" mechanism). On the other hand, explanations of metabolic mechanisms for 
protists and metazoans are not convincing, given the large dispersion of presented data 
and strong dependence of numerical results on the chosen datasets. Besides, the authors 
still resort to a single mechanism, while the present consensus is that the allometric 
scaling is rather a multifactor phenomenon. Indeed, the earlier mentioned studies show 
that different classes of animals have noticeably different allometric exponents. So, we 
should not disregard such a possibility for unicellular organisms too. 
 Thus, the study of allometric properties of unicellular organisms is far from 
complete. We still cannot say with certainty, what are the actual fundamental level 
mechanisms, responsible for the allometric scaling.  
 In this paper, we continue to study this problem. We provide proofs that the 
evolutionary development of microorganisms within the food chain is also an important 
factor affecting allometric scaling. We show that two factors play an important role. The 
first one is the common nutritional environment, which imposes limitations on the 
possible nutrient intake. For unicellular organisms, this factor is of special importance, 
because unicellular organisms acquire nutrients directly from the environment through 
the surface (save for some variations as endocytosis, which also involves the surface, but 
in a somewhat different way).  
 The second factor is a regular increase of amount of nutrients per unit surface, when 
the size of organisms increases, discovered in this study. We discuss how this factor 
relates to evolutionary development and life organization, since, as we found, such 
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evolutionary increase in size strongly correlates with the increase of energetic capabilities 
of an entire organism. One of the reasons of this phenomenon is an evolutionary 
requirement to successfully compete for nutrient acquisition needed for sustainable 
reproduction. We discuss why such an increase of acquired nutrients per unit surface in 
unicellular organisms is of so regular and persistent nature through the entire food chain. 
 This evolutionary energetic increase, apparently, exposes one of the important 
properties of evolution in general. By and large, all organisms are both preys and 
predators. Organisms adapt to environment by different means, but increase in size is one 
of the main evolutionary paths, around which other developments evolve. (Imagine a 
kind of evolution without the size increase. As K. Shestopaloff noted with regard to 
evolution in general (not only to size), "evolution goes from bottom to top".) In a 
situation of a relatively stable food supply, it should be expected that the size increase 
brings certain advantages, and first of all energetic ones, in order to get food more 
reliably for successful reproduction. (It is an established fact that in the conditions we 
have had so far on the Earth during different geological periods, the increase of 
organismal size and of related energetic capabilities was one of the major evolutionary 
paths, which, according to findings presented in this paper, besides other effects, plays an 
important role in interspecific allometric scaling.) 
 So, we argue that this is rather the entire evolutionary process of organic life 
development within the food chain (supported by numerous physiological mechanisms), 
is largely responsible for the interspecific allometric scaling and its stability. Saying this, 
we do not mean some group selection (the controversial and vaguely defined notion), as 
some commenters assumed, but the Darwinian natural selection of individual species 
under the influence of the same or similar environmental factors. Or, as the authoritative 
author (Williams, 1996) put it, "… as statistical summations of the effects of individual 
adaptations". The proposition that species living in the same habitat and continuously 
interacting with each other (say, in a predator-prey relationship), in a long run influence 
development of each other should not cause objection. By and large, this is the only thing 
we are saying with regard to development of organisms within the food chain. 
 
Methods and Results 
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In (Shestopaloff, 2014, 2015), a method for finding growth and metabolic characteristics 
of microorganisms was introduced and verified by experimental data for S. pombe, 
Amoeba, Schizosaccharomyces cerevisiae. The basis of this method is a discovered 
growth mechanism of general nature acting at higher than molecular levels. Its core 
property is that it defines the amount of nutrients used for biomass production, 
represented as a fraction of the total consumed nutrients. Thus, once we know how the 
biomass increases, we can find the total amount of consumed nutrients (that is both for 
biomass synthesis and maintenance), which correlates very well with the metabolic rate. 
 When we say 'nutrients', we mean all substances acquired by cells. Correlation of 
nutrient intake in unicellular organisms with their metabolic rates was discussed in 
(Shestopaloff, 2015). One of the reasons of high correlation is that cells have a single 
biochemical machinery, in which all biochemical reactions interrelate, so that the 
overwhelming amount of acquired nutrients are included into on-going chemical 
reactions. 
 Using the described approach, below we consider metabolic characteristics of 
unicellular organisms. Experimental data are from (Baumgartner and Tolic-Norrelykke, 
2009; Sveiczer et al., 1996) for Schizosaccharomyces pombe; from (Godin et al., 2010) 
for B. subtilis, from (Reshes et al., 2008) for Escherichia coli, and from (Prescott, 1955) 
for Amoeba Proteus. The size of considered organisms covers seven orders of volume 
magnitude, from 0.32 3mμ  for B. subtilis to 71088.1 ⋅  3mμ  for the grown amoeba. Cells 
grew in normal conditions, that is they were not exposed to starvation or other extreme 
regimes. We use a growth model from (Shestopaloff, 2014, 2015), adjusted to geometry 
of considered organisms (details are in (Shestopaloff, 2016a)), thus finding nutrient 
influx for whole organisms, per unit of volume and per unit of surface. For 
Staphylococcus, we do not have experimental data, so we use the growth model alone. 
For validation of obtained results, we also use experimental results for excised cells 
growing in vitro in culture (McNab, 2008, 2009).  
 The fact that we consider prokaryotes and eukaryotes in the same data set, despite 
the differences between these organisms, has no effect on the results from the perspective 
of the general growth mechanism, which is applicable to unicellular organisms in general. 
Similarly, DeLong et al. (2010) put different organisms into the same dataset just on the 
basis that they possess metabolic properties - the characteristic their studied.  
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Metabolic rates of S. pombe 
Fig. 1 shows the nutrient influx (amount of nutrients per unit time) for S. pombe at the 
end of growth, obtained from experimental observations (Baumgartner and Tolic-
Norrelykke, 2009). The metabolic rate per unit volume (the lower dataset) decreases with 
the increase of volume (for the constant density, we can substitute volume for mass). The 
regression line has the following parameters: intercept is equal to 1.569, the slope is equal 
to (-0.99), which means that the amount of nutrients per unit volume decreases as fast as 
the total volume increases. Thus, the assumption from (DeLong et al., 2010) about the 
same energetic capability of units of volumes for protists is not confirmed in this case. 
Interestingly enough, this fact means that all considered fission yeast, regardless of their 
volume, obtain about the same total amount of nutrients per unit time. Indeed, the 
regression line for the upper dataset, representing the nutrient influx for entire organisms, 
has a negligible slope of 0.0104 and the same intercept of 1.569. P-value is equal to 
0.932, which means that all S. pombe, indeed, on average obtain the same amount of 
nutrients regardless of their size. 
Nutrient influx versus volume
-1.6
-1.1
-0.6
-0.1
0.4
0.9
1.4
1.9
2 2.2 2.4 2.6 2.8log(V)
lo
g(
K
T)
 a
nd
 lo
g(
K
v)
log(KT) log(Kv)
 
Fig. 1. Nutrient influx in S. pombe versus volume, in logarithmic scale. Black diamonds denote metabolic 
rate per unit volume ( VK , measured in 
-1-3 min⋅⋅ mpg μ ); diamonds denote the total metabolic rate ( TK , 
measured in -1min⋅pg ); 'pg' stands for 'picogram'.   
 
 8
 Experimental data for excised cells growing in cultures (McNab, 2008, 2009) for 
mammalian hepatocytes, dermal fibroblasts, skeletal myoblasts, and avian dermal 
fibroblasts show that except for the weak allometric scaling for hepatocytes, the rest of 
cells shows little allometric scaling depending on the body size in the range of masses of 
several orders of magnitude. We can be certain that sizes of studied cells were different 
too, and so the above conclusion about weak allometric scaling is also valid with regard 
to the cell size. Indeed, such a characteristic behavior we observe for our data on Fig. 1 
for the metabolic rate of whole unicellular organisms.  
 Therefore, the obtained result for S. pombe complies with experimental observations 
for other single cells, which adds credibility to our approach for finding metabolic 
properties of single cells. 
 
Metabolic characteristics of unicellular organisms 
Similarly to S. pombe, we can find metabolic characteristics for E. coli and B. subtilis, 
since they have the same rod-like shape. Amoeba's nutrient consumption was found using 
the Amoeba's growth model from (Shestopaloff, 2012, 2014, 2016a) and experiments 
from (Prescott, 1955). Staphylococcus's growth was modeled by a growing sphere. 
Results are summarized in Table 1 and Fig. 2. All data points for the total nutrient influx 
at the end of growth are located very close to a regression line (Fig. 2a). The regression 
line has a slope 015.0758.0 ±=b  and an intercept of (-0.288). At the beginning of 
growth, the allometric exponent 069.0853.0 ±=b , that is significantly greater. Thus, we 
have to distinguish the allometric scaling at the beginning and at the end of growth.  
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Metabolic rate per unit volume
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Fig. 2. Change of metabolic rate depending on volume, in logarithmic scale. Numbered data points from 
left to right correspond to B. subtilis (1), Staphylococcus (2), E. coli 1 (3), E. coli 2 (4), S. pombe (5), 
amoeba (6). Experimental data are from (Godin et al. 2010) for B. subtilis, (Reshes et al. 2008) for E. coli, 
(Baumgartner and Tolic-Norrelykke 2009) for S. pombe, (Prescott 1955) for amoeba. a - whole organisms; 
b - per unit volume. 
 
Table 1. Change of nutrient influx during growth, and comparison between organisms. (NPUV stands for 
'nutrient influx per unit volume', MNIUS stands for 'maximum nutrient influx per unit surface'.) 
Organism Volume 
increase, 
3mμ  
Total 
nutrient 
influx, 
1-min
⋅pg  
NPUV at 
max. size 
1-
-3
min
⋅⋅ mpg μ
 
Relative 
increase 
NPUV  
during 
growth,  
times 
NPUV 
less 
than in 
E. coli 
1,  
times 
MNIUS 
1-
-2
min
⋅⋅ mpg μ  
MNIUS 
relative  
to  
E. coli 
1, times 
Addit. 
to 
allomet. 
expon., 
end of 
growth 
nb  
Amoeba (0.92-
1.88)E+7 
244400 0.013 1.44 204 0.323-0.545 2.26  
S. pombe 166-325 63.4 0.195 6.9 13.6 0.03-0.222 0.92 0.082 
E. coli 1 1-4 10.6 2.65 12 1 0.021-0.284 1  0.0424 
E. coli 2 2.39-4.96 8.5 1.713 4.71 1.55 0.084-0.234 0.82 0.056 
Staphylo-
coccus 
1.07-
2.145 
1.12 0.522 1.25 5.1 0.093-0.147 0.61 0.082 
B. subtilis 0.32-
0.617 
0.66 1.066 3 2.5 0.043-0.134 0.56 0.0814 
Average        0.072 
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Variations of nutrient influx 
Using the same models, we found that unicellular organisms are able to substantially 
increase nutrient influx during growth - faster than mass's increase. Fig. 3a and Table 1 
are presenting the increase of nutrient influx per unit volume during growth of a single 
organism. We can see that the increase for S. pombe is about 6.9 times, and for amoeba 
1.44 times. A similar graph for E. coli 1 would produce 12-fold increase.  
 However, even more dramatic difference in nutrient influx per unit volume is 
observed between organisms (Table 1). Such, amoeba consumes 204 times less nutrients 
per unit volume than E. coli 1. 
 Fig. 3b shows change of nutrient influx for the entire organisms. Although in both 
instances volume increased by about two times (except for E. coli 1), the total nutrient 
influx increased by 13.5 times for S. pombe and 2.8 times for amoeba. In case of E. coli 
1, this increase was 54.3 times, versus the 4 times volume increase.  
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Total nutrient influx
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Fig. 3. Nutrient influx in S. pombe and amoeba. a - per unit volume, units of measure are -1-3 min⋅⋅ mpg μ  . 
b - total nutrient influx. 
 
 As we can see from Table 1, nutrient influx per unit volume in different unicellular 
organisms can vary by hundred times, and tens times during ontogenetic development. In 
other words, unicellular organisms demonstrate very wide range of the total nutrient 
influx, influx per unit volume, and across different taxa and ontogenetically. 
 However, if we consider variations of nutrient influx per unit surface, then we see 
that they are by two orders of magnitude less, as Table 1 shows (the second and the third 
columns from the right). Such, amoeba's nutrient influx per unit surface is greater than in 
E. coli 1 only by 2.26 times, while the nutrient influx per unit volume is greater in E. coli 
1 than in amoeba by 204 times. For S. pombe and E. coli, nutrient influxes per unit 
surface differ by only 8%, despite the great difference, of 81 times, in sizes of these 
organisms. (For S. pombe, we chose the experimental curve at 32oC from (Baumgartner 
and Tolic-Norrelykke, 2009), which has the least dispersion of data.)  
 Note the variations of nutrient influx per unit surface for the same species. Fig. 4 
shows such variations for S. pombe. For two experimental observations of E. coli from 
(Reshes et al., 2008), we also obtained different values of nutrient influx per unit surface 
(0.284 and 0.234 -1-2 min⋅⋅ mpg μ ). All nutrient influxes per unit surface found for 
considered organisms are limited to the range of about 0.08 - 0.55 -1-2 min⋅⋅ mpg μ . As 
Fig. 4 shows, S. pombe, if we include marginal values, covers almost entirely this range, 
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although the majority of data is in the range of 0.088 - 0.28 -1-2 min⋅⋅ mpg μ . This result 
suggests that other organisms may have similar ranges of nutrient consumptions per unit 
surface, depending on combination of organismal characteristics and environmental 
conditions.   
Nutrients per unit surface for S. pombe
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Fig. 4. Nutrient influx per unit surface for S. pombe depending on volume, for the data from (Baumgartner 
and Tolic-Norrelykke 2009). Units of measure are -1-2 min⋅⋅ mpg μ . 
 
 Discovered variations of nutrient influxes per unit volume and per unit surface mean 
accordingly very wide range of adaptive abilities of considered unicellular organisms. 
Nonetheless, their metabolic rates show a well ordered allometric regularity (with an 
allometric exponent of about 0.758 at the end of growth). Thus, there should be 
influential factors, which force such a regular change of metabolic rates, and these factors 
should not be only intrinsic ones, since, as we have seen, the core metabolic 
characteristics vary widely. 
 
Accounting for changes in nutrient acquisition between developmental stages 
Let us consider evolutionary change in nutrient acquisition. We assume that there were x 
hypothetical successive evolutionary development stages, each producing a bigger 
organism than the previous one. The relative mass increase is by g times at each stage, so 
that 
x
x gMM 0=           (2) 
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Let the amount of consumed nutrients F  increasing by bg  times per development phase. 
(We can use the power function because the existence of an allometric exponent is an 
empirical fact.) Then, the amount of nutrients xF  consumed at x stage, is as follows. 
 bxx gFF 0=           (3) 
where 0F  is the amount of nutrients at the first stage.  
Substituting the value of xg from Eqn 2 into Eqn 3, we obtain 
b
xx MMFF )/( 00=          (4) 
We assume that the density is constant, so that mass is proportional to volume W, 
WM ∝ , and consequently 00 // WWMM xx = . Note that both the number of 
developmental stages x and the mass increase g per stage disappeared in Eqn 4. In fact, 
we obtained an equation very similar to Eqn 1 for the metabolic rate.  
 
Factors defining allometric scaling in unicellular organisms and its variability 
The analysis above showed that there are at least two factors defining the allometric 
scaling of unicellular organisms. The first one is the consequence of nutrient acquisition 
through the surface, which depends on nutrients' availability, the surface of organisms, 
and their metabolic needs. The last ones, as we found, can noticeably vary even for the 
same species. The mode of motion and other specific characteristics of organisms also 
contribute to significant variations of metabolic rate for organisms with similar sizes. 
Nutrients acquired through the surface are processed by volume. For 3-D increasing 
organisms, it means the allometric exponent of 2/3 (surface is proportional to a square of 
a linear size, while volume is proportional to a cube of linear dimension, from which the 
value of 2/3 follows). We denote this allometric base exponent as 3/2=sb  ('s' stands for 
'surface').  
 The second factor is the discovered regular increase of nutrient influx per unit 
surface with the growth of mass (Table 1). We will denote this allometric exponent as nb  
('n' stands for 'nutrients'). It can be found as follows. Let us denote the amount of 
nutrients per unit surface as Sk , indexes '1' and '2' correspond to two different organisms. 
Then, according to Eqn 4, 
nb
SS MMkk )/()/( 2121 =         (5) 
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The solution of Eqn 5 is as follows. 
)/ln(/)/ln( 2121 MMkkb SSn =        (6) 
 The resulting allometric exponent b then can be found as the sum of sb  and nb , 
which follows from the equation below (we use an equivalent form of presenting Eqn 1, 
discussed in (Shestopaloff, 2016b). 
nSnS bbbb MMBMMMMBB +== )/()/()/( 21021212      (7) 
 We can use Eqn 6 in order to compute values of nb  for each species of unicellular 
organisms relative to amoeba (using the same data, which earlier produced the value of 
allometric exponent of 015.0758.0 ±=b ). Results are shown in the last column of Table 
1. The linear regression produces accordingly the value of  013.00724.0 ±=nb  with 
intercept of (-0.174). Adding the base allometric exponent 3/2=sb , corresponding to 
the surface-volume relationships for 3-D increasing organisms, we obtain 
013.0739.0 ±=b . This number is close to the value of 015.0758.0 ±  found on the basis 
of experimental observations, for the end of growth. The slightly lower value of the 
obtained allometric exponent is mostly due to high energetic abilities of E. coli, which 
uses the energy demanding mode of locomotion - swimming.  
 All other organisms except E. coli have low motility, which explains such a 
difference in the values of nutrient influx per unit surface between them and E. coli. For 
these sedentary organisms, Eqn 6 produces very close values of nb . The regression line 
has a slope of 0006.00814.0 ±=nb , which corresponds to 748.0=b . Fig. 5 shows this 
graphically. Such consistency says in favor of validity of the proposed explanation of the 
allometric scaling phenomena in the studied unicellular organisms, according to which 
the resulting allometric exponent is composed of the base "surface-volume" exponent of 
2/3, plus the addition due to a regular increase of nutrient influx per unit surface, when 
the size of organisms increases. (Although, as we could see, such an increase also 
depends on the locomotion mode - actively moving organisms, such as E. coli, need more 
energy and accordingly more nutrients.) If we think for a moment, that should not come 
as a surprise, since the only two factors the amount of acquired nutrients in unicellular 
organisms depends upon are the rate of nutrient acquisition through the unit surface, and 
the surface area.  
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Fig. 5. Nutrient influx per unit surface depending on organisms' mass, in logarithmic scale. Numbered data 
points correspond to B. subtilis (1), Staphylococcus (2), E. coli 1 (3), E. coli 2 (4), S. pombe (5), amoeba 
(6).  
 
 As we found, the actual nutrient acquisition per unit surface can noticeably deviate 
from average values (see Table 1 and Fig. 2). Such, E. coli 1 consumes more nutrients per 
unit surface than the chosen S. pombe (although on average S. pombe consume 
substantially more than E. coli 1, as it follows from Fig. 4, so that the notion about the 
regular increase of average nutrient intake per unit surface with the increase of organisms' 
mass remains valid). If we compute the allometric exponent of E. coli 1 relative to S. 
pombe, then we obtain the value of 0.611 (which is, interestingly enough, close to the 
lower limit of the range 0.608 to 1.09, reported in review (Glazier, 2005)). At the 
beginning of growth, new cells at normal growth conditions have substantially higher 
values of allometric exponents (the average value in our case was 069.0853.0 ±=b ), 
which is due to intensive biomass synthesis at this phase of growth.  
 So, the range of variability, which we obtained for our data using the proposed 
approach, is commensurate with the known variability of allometric exponents for 
unicellular organisms. The range depends on physiology of organisms, phase of their life 
cycle, mode of motion, specifics of biochemical mechanisms, as well as nutrients 
availability and composition, temperature and other environmental factors. Such, 
depending on the nutrients availability, the same organisms can use aerobic or anaerobic 
metabolic pathways, and accordingly may have different metabolic characteristics. In our 
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study, we found that allometric exponents, for all considered organisms, substantially 
differ depending on the phase of growth, with high values of about 0.853 at the beginning 
of growth versus 0.758 at the end. Results, obtained in (Baumgartner and Tolic-
Norrelykke, 2009), also show strong dependence of metabolic rate in fission yeast on 
temperature. So, our approach by no means contradicts available results, but rather unites 
them under one umbrella on the basis of two principal factors, whose variations provide 
the range of metabolic properties corresponding to available experimental data.  
 For the beginning of growth, using Eqn 6, we obtained 061.0813.0 ±=b , versus the 
value of 069.0853.0 ±=b  found on the basis of experiments. We already mentioned that 
the beginning of growth is characterized by very different start conditions, so that the 
standard deviation should be higher than at the end of growth, and it is. We can see that 
both aforementioned ranges significantly overlap.  
 As Fig. 4 shows, nutrient influx per unit surface can significantly vary for the same 
species. Unfortunately, we have statistically meaningful data for S. pombe only. 
However, even considering these data, we found that the variations of allometric 
exponent for S. pombe relative to amoeba are in the range 0.7-0.91 for the end of growth 
(experimental points corresponding to volumes 150 and 521 3mμ  and nutrient influxes of 
0.384 and 0.043 -1-2 min⋅⋅ mpg μ ). Similar variations of allometric exponent for B. 
subtilis relative to S. pombe are in the range of 0.66-0.86. In other words, only variations 
of nutrient influx for the single species can provide the range of allometric exponents 
commensurate with experimental.  
 Thus, our explanation of the mechanism of allometric scaling in unicellular 
organisms is consistent for microorganisms with regard to the known range of allometric 
exponents too. Table 2 summarizes the main results. Overall, we obtained the range of 
allometric exponents for the studied organisms of 0.611-0.922, which is in a good 
agreement with the range of 0.608-1.09 from review (Glazier, 2005). 
 The main idea with regard to variability is this. As in every natural phenomenon, 
there are main mechanisms, which define the core properties of the phenomenon, while 
other factors of lesser prominence modulate these properties within certain ranges. This is 
what we eventually accomplished - we discovered the principal mechanisms of allometric 
scaling in unicellular organisms, and showed that the influence of secondary factors, 
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namely variations in nutrient influx per unit surface, provide the range of allometric 
exponents commensurate with available experimental observations.  
 
Table 2. Calculated allometric exponents and their ranges versus experimental data. 
 End of 
growth,  
calculated 
End of growth, 
experiment 
Begin. of  
growth, 
calculated 
Begin. of 
growth 
experiment. 
Value of allom. 
exponent 
013.0739.0 ± 015.0758.0 ± 061.0813.0 ±  069.0853.0 ±
Range of allom. 
exponent 
0.611-0.759 0.743-0.773 0.752-0.874 0.784-0.922 
 
 
Discussion 
In our other work, studying the origin of allometric phenomenon in multicellular 
organisms, and considering mammals, reptiles, birds and fishes, we found that the 
allometric scaling is also due to composition of several acting factors, like biomechanical 
constraints, and the same evolutionary adaptation within the food chain, when each next 
increase in size lads to increase of metabolic rate above the base allometric exponent, 
defined by biomechanical constraints. The described mechanism in case of multicellular 
organisms mirrors one-to-one what we have just discovered for unicellular organisms: 
there is a base allometric exponent and the addition due to increase of nutrient influx per 
unit surface when size of microorganisms increases.  
 Thus, the same principle, which is a consequence of an evolutionarily established 
dynamic balance of a food chain, turned out to be the major determinant, both in the 
realms of unicellular and multicellular organisms.  
 In case of mammals, the links in the food chain are more visible, since the predator 
directly feeds on the prey, while the unicellular organisms relate to each other both 
through the common nutritional environment, and also feeding on each other. 
Nonetheless, their "predator - prey" relationships are not so obvious, because of the 
diverse forms of existence, ways of feeding and modes of motion.  
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 Nature is a virtuoso, capable creating forms of life, acquiring nutrients sometimes in 
very exotic ways, to which a great diversity of environmental conditions contributed. 
Organisms use all possible means to acquire nutrients for successful reproduction, 
whatever is available in their disposition biochemically, physiologically and from the 
environment. This is always interplay of many factors, which defines, who eats who 
(including human populations, if we generalize 'nutrients' as different resources required 
not only for the physical survival, but also for achieving other human objectives in 
competition (often relentless) with other people, both at individual and group levels). 
However, behind these masking development scenarios, there is an evolutionary 
backbone, which is the increase of organisms' mass and transformations associated with 
it, including metabolic rates. It is this evolutionary backbone, from which other 
secondary evolutionary branches start (which, in turn, sometimes produce bewildering 
mechanisms and means of nutrient acquisition).  
 Very similar (and similarly important) considerations are applicable to unicellular 
organisms. All unicellular organisms compete for nutrients. Bigger organisms originate in 
the same nutritional environment, because they are more successful in nutrient 
acquisition. In other words, they already have greater metabolic capacities. Gradually, 
such organisms can evolve into a different species. However, what is important to 
remember, the basis of their larger size is the ability to acquire more nutrients from the 
environment compared to competitors; without that, they would not survive as bigger 
organisms. Since unicellular organisms acquire nutrients through the surface, then such 
an advantage should be expressed as the ability to get more nutrients through the surface 
(and namely per unit of surface), from the same environment where competitors reside. If 
we think for a moment, that is the most logical way: on one hand, this means acquiring 
metabolic advantage; on the other hand, this means getting nutrients quicker than 
competitors in the same environment, thus depriving them of food to the extent, which 
begins affecting size of their populations. Such a "population management" effect can be 
achieved most reliably if the nutrient acquisition in bigger species per unit surface is 
greater; otherwise, the accumulated amount of nutrients, acquired from the environment 
by smaller organisms, will be increasing faster than by the bigger organisms, putting the 
last ones in nutritional disadvantage. Since nutrient acquisition per unit surface can 
substantially vary (which we saw in case of S. pombe, Fig. 4), it means that these 
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advantageous relationships can be very sensibly and accurately regulated and adjusted to 
keep the overall balance of the food chain through numerous feedback loops. This 
argument is further enforced by the consideration that such a broad adjusting capability is 
rather not an option but the necessity for unicellular organisms, experiencing wide range 
of environmental conditions, like changes in temperature, nutrient concentration, etc. 
 Nature shows examples of amazingly energetic creatures, both aquatic and 
terrestrial. Such, many species show isometric intraspecific allometric scaling; for 
instance, ants (Chown et al., 2007), many fishes, squids (Glazier, 2005, 2014). Mammals 
show high adaptability to metabolic requirements. Depending on the situation, they may 
also show isometric scaling. Such, reviewing the previous works, Taylor et al.., 1970) 
indicate that "the cost of climbing 1 m was nearly the same per kilogram, regardless of 
weight", which means isometric allometric scaling, while the same animals showed 
significantly smaller allometric exponents in overtaking horizontal distances. Our results 
above also show substantially higher metabolic capacity of E. coli compared to other 
considered organisms in their size range. So, the biochemical limitations on the upper 
level of metabolic activity, in principle, are not so restrictive as we observe in case of 
interspecific allometric scaling.  
 This is something else that keeps the increase of metabolism in progressively bigger 
species checked, both in unicellular and multicellular organisms. For multicellular 
organisms, we found certain proofs in that this upper limit is imposed by the need of 
keeping the integrity and continuity of an entire food chain. Work (Shestopaloff, 2013) 
demonstrates numerical examples that populations of species are very sensitive to food 
availability, and that even insignificant fluctuations in food supply can cause drastic 
fluctuations in population quantity, including extinction. Thus, evolutionarily, the entire 
food chain is kept in a dynamic balance, filtering both too aggressive and energetic 
species, destroying populations of their preys, but also eliminating species, which cannot 
successfully compete for the food and thus provide sufficient population reproduction. 
Preserving such a dynamically balanced state of food chains is the only way for the entire 
living world to survive as a whole. (If people could learn from this Nature wisdom, it 
would be for sure a better world for humans.)  
 So, we can summarize that dynamic balancing and rebalancing of a food chain and 
its parts is based on at least two principles:  
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(a) The food chain is continuous, and, if broken, tends to restore its continuity; 
(b) Biochemical mechanisms, bio-mechanical constraints and different physical 
"denominators" (meaning parameters, characterizing interaction of different taxa in the 
food chain) were evolutionarily developed as a statistical summation of adaptations of 
individual organisms in common nutritional environments in such a way that they allow 
organisms to adapt to a very wide spectrum of different environmental conditions, 
exceeding constraints imposed by particular physiological mechanisms. 
 
Fig. 6 represents the above considerations in a schematic form.  
 
Fig. 6. Evolutionary factors defining metabolic properties of living organisms and interspecific allometric 
scaling. Requirement of continuity and preserving a dynamic balance of the food chain eliminates too 
aggressive species, destroying populations of their preys, but also species incapable to support sufficient 
quantities of their populations.  
 
Relationship between the obtained and previous results 
Here, we return to the graph of metabolic rate versus organismal mass from (DeLong et 
al., 2010), which we earlier discussed. The main specific feature of this graph is high 
dispersion of presented data in all size ranges. At a first glance, it can be viewed as only 
an obstacle to obtaining accurate regression lines. In fact, such great dispersion is an 
inherent property of metabolism of unicellular organisms, as it follows from the obtained 
Higher metabolism of some 
organisms within the same 
species leads to origin of 
bigger creatures. 
Competition for nutrients to support successful reproduction pushes 
metabolism of species within the food chain towards the upper limit. 
Resulting range of 
allometric exponents  
Such bigger organisms, 
which already have more 
active metabolism, gradually 
evolve into a different 
species. 
Food chain 
link 1  
Food chain 
link 2  
Food chain 
link N-1 
Food chain 
link N  
Evolutionary requirement to preserve the continuity and dynamic balance of 
a food chain imposes upper limit on metabolism of living organisms 
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results, one of which is the necessarily high adaptability of unicellular organisms to 
different environmental conditions. In particular, it manifests itself as the wide range of 
nutrient influx per unit surface in and between different organisms, while not superseding 
the overall trend in the increase of this nutrient influx when organisms become bigger. 
For instance, as Fig. 5 shows, mode of motion is an important factor, contributing to such 
a dispersion, besides other factors, stimulating high adaptability of unicellular organisms, 
including the wide range of their metabolic characteristics, and, accordingly, high 
variability of allometric scaling scenarios, which the aforementioned graph from 
(DeLong et al., 2010) confirms.  
 Thus, in this regard, our results correspond to previous studies, which showed wide 
range of allometric exponents for unicellular organisms. As it turned out, such high 
variability of results in the earlier studies is not necessarily the drawback of used methods 
and approaches, but rather an inherent property of metabolism of unicellular organisms.  
 
Validity of assumption about 3-D increase of unicellular organisms 
Above, we used assumption about the 3-D increase of species along the food chain. The 
following considerations support this assumption. Unicellular organisms demonstrate a 
clear 3-D increase when size increases. Indeed, B. subtilis, E. coli, S. pombe are all rod-
like, with semispherical ends and close proportions between the lengths and diameters. 
The same can be said about other geometrical forms, like spheres, or spirals. Given the 
high level of metabolic adaptability of unicellular organisms, which we found (see Fig. 4 
and Table 1), the specifics of their metabolism, like distribution of transportation and 
non-transportation costs is not so important, since these are rather evolutionary pressures, 
which trim the metabolic properties of unicellular organisms, but not their particular 
intrinsic mechanisms. So, despite specifics of nutrient consumption, the metabolic 
properties of all organisms will be lined up by the evolutionary development of the entire 
food chain, which preserves its continuity and a proper dynamic balance.  
 
The concept of a balanced food chain as a factor shaping allometric scaling, and its 
verification  
It turned out that finding a solution of the problem of interspecific allometric scaling 
required introduction of ideas and concepts, which went far beyond particular 
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physiological mechanisms, and, in fact, rose to high level generalizations related to (let us 
call it this way) systemic evolution. We formulated a concept of an evolutionary 
development, constrained by a requirement of a balanced state of an entire food chain, 
and presented proofs that this seemingly fundamental evolutionary principle, indeed, 
shapes different characteristics of living organisms, including metabolic ones.  
 This principle, by and large, stems from the need to choose between stable and 
unstable developmental scenarios. The alternative to balance is imbalance, which would 
mean frequent, chaotic and sporadic appearance of new species and disappearance of 
existing ones. However, this is not what we observe in nature, which demonstrates rather 
stability of its development during long geological periods, until the environmental 
conditions drastically change or catastrophes happen.  
 The more detailed excurse can be done in the discovered facts of regular increase of 
metabolic power, such as a certain speed increase per a certain increase in mass, or a 
certain increase in nutrient influx per unit surface in larger unicellular organisms. We 
may ask, why such a certain value, but not another? This is an interesting question on its 
own. For animals, we did ballpark calculations, what had to be the running distance to 
catch the prey, using the speed advantage found from the studies, when starting at a 
certain distance from the prey (meaning a typical ambush distance). Results are in synch 
with distances, estimated based on several videos, showing chasing animals. The next 
step would be estimation, how much energy, and in which form, is stored in an animal to 
cover a certain distance at a maximum speed. One could do similar estimations for 
unicellular organisms, using the obtained value of the nutrient influx's increase per unit 
surface with the size increase, and finding out, what kind of advantages such an increase 
could provide, and which consequences it entails with regard to successful reproduction.  
 
Conclusion 
This study of interspecific allometric scaling of unicellular organisms, in the author's 
view, advanced understanding of the phenomenon. The nature of core things in the world 
we live in is not very complicated, neither it is too simple, as it turns out when this core 
nature is finally discovered. This is what we observed in our study, removing layer after 
layer before we saw a bare phenomenon without prejudice. The presented causes of the 
phenomenon of interspecific allometric scaling, which are relatively simple and non-
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contradictive. At the same time, one needs to accept things, which were not supposed to 
be there, which makes these findings to be viewed with some disbelief. The obvious 
things were that unicellular organisms acquire nutrients through the surface (the first 
important consideration), and from the common nutritional environment (the second key 
consideration, which exposes and raises the role of the environment as a communication 
media for cells, through which they interact and receive feedbacks). It follows from these 
considerations that the metabolic properties of cells we studied should be limited by the 
nutritional content of the environment they reside in, which is may be almost obvious, but 
not easily acceptable inference, given the history of the problem, whose solution was 
searched for over a wide range of different hypotheses, amongst which the intrinsic 
factors were of prominence.  
 The major obstacle in accepting the presented results is the recognition of a concept 
that the interspecific allometric scaling also relates to a balanced existence of the food 
chain, which accordingly results in constrained competition for nutrient acquisition - no 
species can dominate absolutely, but always experience outside pressures and limitations 
in nutrient supply. The last suggestion was not supposed to be in the scope of the 
problem.  
 The study did not present solid statistical evidence for all considered species. For 
that, we would need experimental growth dependencies (of biomass increase from the 
growth time), which are not available. On the other hand, the most meaningful range of 
sizes is between S. pombe and amoeba. For the former, we provided statistically 
meaningful data. For amoeba, we presented one point, which is a good representative of 
the average value for six available measurements, which all produced close values of 
nutrient influxes per unit surface and per unit volume. Six measurements is not a great 
number, of course, but the closeness of calculated nutrient influxes adds more credibility 
to our estimations. The main value of the study is in proposed concepts, while 
experimental data provide convincing support. 
 We think that this work opens new venues for the studies of metabolic allometric 
scaling. Together, the suggested methods and concepts provide a framework to make 
future studies well designed, planned and conceptually organized. Even more important 
is that this framework allows understanding and explaining observed effects, and 
predicting the new ones.  
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 On a side note, the proposed concept of a dynamic balance of a food chain 
unexpectedly establishes new connections of the subject of allometric scaling with many 
other disciplines and areas, transforms it from a relatively isolated problem to an 
important component of numerous evolutionary and biological processes and phenomena. 
That could be an interesting development too. 
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